The Miami Isopycnic Coordinate Ocean Model (MICOM) is used to investigate the effect of diapycnal mixing on the oceanic uptake of CFC-11 and the ventilation of the surface waters in the Southern Ocean (south of 45
Introduction
Ocean General Circulation Models (OGCMs) are key tools in the assessment of the future ocean uptake of atmospheric greenhouse gases and heat. Furthermore, whereas nature experiences one realisation of the climate state, climate models can be used as a laboratory to produce a multitude of climate realisations, and by that contribute to the understanding of the variability and stability properties of the system. It is, in this respect, crucial to evaluate the climate models against observed quantities to assess the degree of realism of the models.
Numerical simulations with OGCMs indicate that the Southern Ocean is the largest sink of humaninduced CO 2 in the World Oceans (Orr et al., 2001) , and that the simulated tracer distributions vary significantly between different models (Dutay et al., 2002.) Recent studies show that the vertical or, in the isopycnic frame work, the diapycnal mixing plays a key role in the ventilation of the Southern Ocean (Robitaille and Weaver, 1995; Sloyan and Rintoul, 2000) . It is therefore interesting to test the effect of diapycnal mixing on the ventilation of the surface waters, and consequently on the ocean uptake and storage of greenhouse gases and heat.
Chlorofluorocarbons CFC-11 (CCl 3 F) and CFC-12 (CCl 2 F 2 ) were introduced to the atmosphere in the early 1930s, and their atmospheric evolution ( Fig. 1) is fairly well known. CFCs are man-made and are chemically and biologically inactive in the ocean, and are therefore well suited to evaluate ocean ventilation *E-mail: yong@nersc.no VOL. 21 1940 VOL. 21 1950 VOL. 21 1960 VOL. 21 1970 VOL. 21 1980 VOL. 21 1990 Year 0 in dry air at one atmosphere pressure (Walker et al., 2000) . The solid (dashed) line corresponds to the CFC concentrations in the Northern (Southern) Hemisphere.
processes on interannual to decadal timescales. The recent World Ocean Circulation Experiment (WOCE) has conducted global surveys of the distributions of the CFCs (see http://whpo.ucsd.edu/distmaps.htm).
Furthermore, numerical studies have demonstrated that validation against observed distributions of CFCs is a powerful method to explore mixing and transport properties in OGCMs (Dixon et al., 1996; Dutay et al., 2002; Beismann and Redler, 2003; Gao et al., 2003) and to infer sources and mixing pathways of water masses in general (Orsit et al., 2002; Smethie Jr et al., 2000) . The objective of this study is to explore the ventilation processes in the Southern Ocean, hereafter defined as the region between 45
• S and 69
• S, by an isopycniccoordinate OGCM. For this, the observed CFC-11 distributions along WOCE section P19 at 88
• W during 1993 (Willey et al., 2004) and along the Ajax section at the prime meridian during early 1984 (Warner and Weiss, 1992) have been compared with the simulated CFC-11 distributions along the same sections.
Model-data evaluations are, in general, based on classical geopotential (or z-coordinate) OGCMs. The newly developed isopycnic coordinate OGCMs (e.g., Bleck et al., 1992; Oberhuber, 1993) have the advantage that mixing across the coordinate interfaces can be exactly represented for a given value of the diapycnal mixing coefficient K d . In the configuration K d = 0, the coordinate interfaces are material surfaces, and thereby truly isolate the effect of transport and mixing along the coordinate layers. The latter property is intriguing for the ocean environment, as the preferred plane of flow and mixing is along, rather than across, planes of constant density (Ledwell and Watson, 1993; Toole et al., 1994) .
Model description and experimental design

Model description and configuration
The OGCM used in this study is the Miami Isopycnic Coordinate Ocean Model (MICOM; Bleck et al., 1992) . MICOM is a primitive equation model utilizing surfaces of constant density as the vertical coordinate. In the present study, potential density at 2×10
7 Pa (σ 2 ) is used as the reference level for the vertical coordinate surfaces.
The modeled ocean consists of a surface mixed layer in which the potential density varies in time and space, and 15 interior isopycnic layers. For the mixed layer, the Gaspar (1998) bulk-parameterization is used. All the air-sea exchanges of momentum, heat, and freshwater are incorporated into the mixed layer using conventional bulk formulae. No surface restorations of SST or sea surface salinity (SSS) are applied. Convective mixing takes place if the density of the mixed layer exceeds the density of one or more of the underlying isopycnals. The instability is then removed by mixing all of the unstable water masses, and by absorbing the new water mass into the mixed layer. Both momentum and tracers are uniformly mixed in the case of convective mixing.
The interior isopycnals exchange their properties with the mixed layer if they outcrop to the mixed layer. Therefore, the location and timing of the outcropping of the isopycnic layers are of crucial importance in analyzing the ocean ventilation of any of the mixed layer properties. In addition, mixing is prescribed in the direction normal to the isopycnic interfaces. The associated diapycnal mixing coefficient (Gargett, 1984) , where
is the Brunt-Väisälä frequency, g (m s −2 ) is the gravitational acceleration, ρ (kg m −3 ) is the density, and z (m) is the depth. For the base-line integration (Expt. 1 in the following), the proportionality coefficient is set to 2 × 10 −7 m 2 s −2 . The numerical implementation of the diapycnal mixing follows the scheme of McDougall and Dewar (1998) . Readers interested in the intrinsic model features are referred to Bleck et al. (1992) .
The setup of the applied version MICOM follows Sun (1997) . The model domain spans the region from 65
• N to 69 • S. No temperature and salinity relaxation are applied at the northern and southern boundaries of the model domain. At the northern boundary, a prescribed flow of 6 Sv in layer 13 (σ 2 = 37.11) mimics the outflow from the Nordic Seas, whereas a prescribed flow of 3 Sv originates from the Weddell Sea in layer 15 (σ 2 = 37.17). A regular grid on a Mercator projection is used and a rather coarse latitude-by-longitude resolution of 2
• × 2 • cos φ (where φ is latitude) is chosen for the experiments. The σ 2 values for the isopycnic layers are 33.22, 34.26, 35.04, 35.62, 36.05, 36.37, 36.61, 36.79, 36.92, 37.01, 37.07, 37.11, 37.14, 37.17, and 37.20 , and then the equations are differentiated on an Arakawa and Lamb (1977) C-grid stencil.
The diffusive velocities (diffusivities divided by the size of the grid cell) for layer interface diffusion, momentum dissipation, and temperature/salinity mixing are 0.005 m s −1 , 0.01 m s −1 , and 0.005 m s −1 respectively, yielding actual diffusivities on the order of 10 3 m 2 s −1 for a 100-km grid spacing. The presence of sea ice has been mimicked by setting the surface wind stirring and the heat fluxes to zero wherever the modeled mixed layer temperature is below −1.8
• C. No icerelated physical processes, for instance brine rejection (Anderson and Jones, 1991) , are incorporated in the model.
Atmospheric surface forcings applied to the model include monthly mean climatological surface wind stress, atmospheric relative humidity and surface temperature from the Comprehensive Oceanographic and Atmospheric Data Set (COADS; Woodruff et al., 1987) . The monthly mean climatological net radiation flux is from the Oberhuber (1988) Atlas, and the precipitation is from the NOAA microwave sunder (Spencer, 1993) .
The model was initialized by the and January climatological temperature and salinity fields, respectively, and with the ocean at rest.
Following the atmospheric record ( Fig. 1) , the CFC simulation starts in 1931 with a zero CFC concentration in the atmosphere and the ocean. The fluxes of CFCs at the air-sea surface are expressed as:
where F (mol m −2 s −1 ) is the flux of the CFCs, C sat (mol m −3 ) is the temperature-and salinity-dependent saturated CFC concentration at the sea surface, K w (m s −1 ) is the wind dependent transfer (or piston) velocity, and C surf (mol m −3 ) is the modeled surface ocean CFCs concentration. The transfer velocity K w is computed using Eq. (3) in Wanninkhof (1992) with wind speed from the first and second Special Sensor Microwave Imager (SSMI) satellite data prepared as described in Boutin and Etcheto (1997) and Orr et al. (2001) . For details about introducing CFCs into OGCMs, please refer to the description in Dutay et al. (2002) .
Model experiments
The OGCM was first spun up for 164 years with
−7 /N . Thereafter, three on-line CFC simulations were conducted for the period 1931 to 1997 (see Table 1 ). It should be noted that Expt. 1 is identical to the NERSC (Nansen Environmental and Remote Sensing Center) model version used in the model intercomparison paper of Dutay et al. (2002) . In the latter study, it was found that the NERSC model strongly overestimated the ocean uptake of CFC-11. Experiments 2 and 3 therefore address a potential reason for the model deficiency pointed out in Dutay et al. (2002) .
The value of K d in Expt. 1 is identical to a recently estimated value of K d in the pycnocline over the South Scotia Ridge at the northwestern entrance of the Weddell Sea (Muench et al., 2002) . Since, for instance, tidal dissipation is expected to be particularly strong over rough topography (e.g., Ledwell et al., 2000; Muench et al., 2002) , it is expected that Expt. 1 represents an upper (but realistic) bound on K d . The model sensitivity to K d is bracketed by Expt. 2, whereas Expt. 3 represents an intermediate value of
The main motivation for the experimental setup is, as already described, to fully exploit the isopycnal versus diapycnal influence on the ventilation of the Southern Ocean waters. It should be stressed that the experiments should be viewed as sensitivity experiments as the spin-up integration is similar for all of the experiments. The use of identical initial conditions for the physical model imply that the isolated effect of isopycnal versus diapycnal transport and mixing is more transparent than for the case with three independent model spinups. A more realistic model configuration would include fully independent model integrations (i.e., three separate model spinups), the use of realistic (i.e., synoptic) atmospheric forcing fields, and a truly global model domain including a full dynamicthermodynamic sea ice module. Results from the latter approach for the Atlantic Ocean are presented in Gao et al. (2003) .
Results
Ocean storage and uptake of CFC-11
The simulated ocean inventory of CFC-11 is provided in Fig. 2 . At the end of 1997, the CFC-11 inventory is 820×10
6 mol in Expt. 1 and 614×10 6 mol The zonally integrated inventory and the accumulated flux of CFC-11 (Fig. 3) illustrate that by far the most efficient uptake and storage of CFC-11 take place in the Southern Ocean. The shift between the accumulated CFC-fluxes at about 60
• S and the maximum inventories at about 45
• S shows the equatorward transport of CFC-11 from the high southern latitudes.
The accumulated CFC-11 flux in the Southern Ocean can be deduced from Fig. 3 . The obtained values are about 475×10
6 mol for Expt. 1 and 311×10 6 mol for Expt. 2, accounting for as much as 58% and 50% of the simulated World Ocean uptake, respectively. Furthermore, the difference in the Southern Ocean's uptake between the two experiments, 164×10 6 mol, accounts for 80% of the total difference of 206×10
6 mol between the two experiments, despite the fact that the area of the Southern Ocean is only about 30% of the model domain. Finally, the average accumulated CFC-11 fluxes in the Southern Ocean are 8.63×10
−6 mol m −2 and 5.65×10 −6 mol m −2 in Expts. 1 and 2, respectively, yielding a difference of 35%.
The meridional distribution of CFC-11
To qualitatively illustrate the reason for the difference in the meridional distribution of the CFC-11 fluxes, Eq. (1) can be expressed as follows:
where P surf is the saturation degree of the CFCs. The above expression yields the flux F grid point by grid point. To simplify the analyses, a virtual flux F v (mol m −2 s −1 ) can be defined as:
where the overbar denotes the zonal average. In the experiments, the maximum uptake of CFC-11 in the Southen Ocean takes place in September, when the mixed layer temperature is low and subsequently the mixed layer is deep (see below). The zonally averaged CFC-11 flux obtained by zonally averaging F in Eq. (2) and the virtual flux F v from Eq. (3) are depicted in Fig. 4 for Expts. 1 and 2 for September 1990. In both experiments, the meridional variations in F v follow, in general, those of F . Therefore, the factors governing the meridional variation in the virtual flux F v , rather than the grid point flux F , are addressed next. Figure 5 shows the simulated zonal mean CFC-11 saturation degree and the mixed layer salinity and thickness in September 1990 for Expts. 1 and 2. The surface CFC-11 concentration is significantly undersaturated in the Southern Ocean (Fig. 5a ) implying that the Southern Ocean acts as a sink of CFC-11. The saturation degree is about 95% from 10
• S to 40
• S and decreases south of 45
• S. At the southern boundary, the saturation degree is about 52% and 80% in Expts. 1 and 2, respectively. The potential temperature is essentially identical in Expts. 1 and 2, yielding very similar CFC-11 saturation concentrations. The salinity, however, is significantly higher in Expt. 1 poleward of 45
• S (Fig. 5b) . Therefore, the mixed layer extends deeper in Expt. 1 than in Expt. 2 (Fig. 5c) . The latter is of importance for the ocean uptake of the CFCs, as a deep mixed layer implies a volumetric dilution of the mixed layer CFC-11 concentration and consequently a prolonged air-sea equilibration time, and by that an enhanced ocean uptake, of the CFCs.
Ventilation of the Southern Ocean
The simulated mixed layer thickness and the locations of the outcroping isopycnals are key quantities in assessing the ventilation of the different water masses. In Expt. 2, the mixed layer water is the only source for the ventilation of the sub-surface water masses due to the vanishing diapycnal mixing.
The simulated maximum mixed layer thickness distribution in the Southern Ocean is displayed in Fig. 6 for Expts. 1 and 2. In Expt. 1, surface mixing reaches a depth of 2400 m in the Weddell Sea (45
• W), 1200 m along the southern boundary in the Pacific Ocean sector, and more than 1600 m between 62
• S and 66
• S in the Indian Ocean sector (10
• -60 • E). As a result, the penetration depth of the CFC-11 signal will be large in the areas where the simulated deep mixing occurs. In Expt. 2, the simulated deep convection in the Weddell Sea is similar with that in Expt. 1. However, convective mixing reaches only 400 m along the southern boundary in the Pacific Ocean sector and 800-1600 m in the Indian Ocean sector. As a result, CFC-11 does not, in general, penetrate as deep in Expt. 2 as in Expt. 1.
The location of the outcropping isopycnals determines the source waters of the interior model ocean. To illustrate this, the density of the outcroping isopycnals in September, the month of maximum mixed layer thickness, is displayed in Fig. 7 . In Expts. 1 and 2, the 37.17 isopycnal outcrops to the surface in the Weddell Sea, and will consequently be ventilated by the properties of the mixed layer waters in this region. An additional source for the ventilation of the near bottom σ 2 37.17 isopycnals in Expt. 1 is located west of the Antarctic Peninsula where the 37.17 isopycnal outcrops to the surface. Therefore, the source for the ventilation of the 37.17 isopycnal will be the Weddell Sea and west of the Antarctic Peninsula in Expt. 1, and the Weddell Sea only in Expt. 2.
In the Pacific sector of the Southern Ocean in Expt.
1, the 37.14 isopycnal outcrops to the surface in the Ross Sea (at about 180 • E) whereas the 37.11 isopycnal outcrops to the surface along most of the southern boundary. For comparison, no dense water masses with σ 2 > 36.92 outcrops to the surface between 90
• E and 80
• W in Expt. 2. Therefore, the presence of CFC-11 in waters with σ 2 > 36.92 in Expt. 2 can only be attributed to isopycnal transport and dispersive mixing from the source region east of 80
• W and west of 90
• E. West of the Antarctic Peninsula, the 37.14 isopycnal outcrops to the surface in Expt. 2. In the Indian sector, the 37.11 isopycnal outcrops to the surface between 64
• S in Expt. 1, whereas it is the 37.07 isopycnal that outcrops to the surface in the similar area in Expt. 2.
To illustrate the meridional difference in the distribution of CFC-11, the observed and the simulated CFC-11 concentrations along the WOCE P19 section at 88
• W (Willey et al., 2004) are given in Fig. 8 . At the surface, the largest differences are seen north of 10
• S with too strong mixing in Expt. 1, too weak mixing in Expt. 2, and a fairly realistic mixing in Expt. 3. However, substantial differences are clearly seen in the distribution of CFC-11 in the bulk part of the intermediate and deep waters of the Southern Ocean. In Expt. 1, the simulated invasion of CFC-11 is far deeper and more widespread than in the observations (see also Fig. 10 in Dutay et al., 2002) . In fact, there is almost no CFC-11 signal between 2400 m and 2600 m in the observations. This is in contrast to Expt. 1 where CFC-11 penetrates to the bottom at all latitudes south of 45
• S. The vertical distribution is, however, greatly improved in Expts. 2 and 3. Fig. 7 . Locations of the outcroping isopycnals when the mixed layer is at maximum state in 1990 in Expt. 1 (a) and Expt. 2 (b). The shaded areas denote where the σ2 37.11 isopycnals outcrop to the surface. The WOCE P19 section is shown at 88
• W.
To quantitatively evaluate the ocean storage of CFC-11, the simulated and observed inventory along the P19 section are shown in Fig. 9 . All the simulations overestimate the CFC-11 inventory south of 60
• S in the Southern Ocean by a factor of 2 or more, and particularly Expt. 1. Furthermore, the CFC-11 inventory decreases with reduced strength of the diapycnal mixing, as expected.
To investigate the reason for the differences in the distribution of the observed and simulated CFC-11 concentrations along the WOCE P19 section, the climatological and the simulated density stratifications are shown in Fig. 10 . In Expt. 1, the simulated deep convection reaches 1200 m south of 66
• S, and here the 37.11 isopycnal outcrops to the mixed layer. Therefore, by water mass transfer, the 37.11 isopycnal will be ventilated by the mixed layer water and the CFC-11 signal will be entrained onto the layer. It also follows from the figure that the 37.17 isopycnal is not ventilated by the mixed layer water locally. Therefore, the presence of CFC-11 on the 37.17 isopycnal along the WOCE P19 section (c.f., Fig. 8b ) is caused by isopycnal transport and dispersive mixing from other locations in the Southern Ocean. In Expt. 2, the simulated mixed layer thickness is about 500 m at the southern boundary, and here the 37.01 isopycnal outcrops to the surface. Therefore, the 37.01 isopycnal can be ventilated by the mixed layer water at 88
• W. Clearly, the 37.11, 37.14, and 37.17 isopycnals cannot be ventilated by mixed layer water locally. The presence of CFC-11 on these layers (c.f., Fig. 8c ) is therefore a result of isopycnal transport and mixing. The situation for Expt. 3 falls between Expts. 1 and 2, but is closest to Expt. 2.
It should be noted that the simulated deep convection south of 60
• S is stronger in all of the experiments than that inferred from the climatological density stratification. The overestimated mixing depth forces the deepest isopycnals to outcrop to the surface and will surely result in the overestimated CFC-11 uptake by the model, in accordance with Fig. 9 . To further explore the model performance in the Southern Ocean, the observed and simulated CFC-11 distributions along the 1983-1984 Ajax section (Warner and Weiss, 1992) at the prime meridian in the South Atlantic Ocean are compared (Fig. 11) . Similar comparisons are provided in Dutay et al. (2002) and Doney and Hecht (2002) . In the observations, the vertical penetration of the CFC-11 signal down to about 1000 m deep between 55
• S and 40
• S indicates the formation of the Subantarctic Mode Water (SAMW). The weakly ventilated Circumpolar Deep Water is embodied by the low CFC concentration below SAMW. Close to the bottom, water with a relatively high concentration of CFC-11 represents the recently ventilated Antarctic Bottom Water. As illustrated by Orsi et al. (1999) , the AABW in the Ajax section originates from the Weddell Sea.
The simulated CFC-11 along the Ajax section differs greatly in the experiments. The simulated sea surface CFC-11 concentrations are close to the observed values in Expt. 1, whereas Expts. 2 and 3 show too low mixing intensity in the surface waters north of 25
• S. All experiments capture the sharp subsurface penetration of the CFC-11 associated with the ventilation of SAMW. However, the simulated ventilation south of 50
• S is much stronger than in the observations, with the results from Expts. 2 and 3 being closest to the observed one.
To identify the source regions for the ventilation of the 37.17 isopycnal in Expts. 1 and 2, the isopycnal distribution of CFC-11 is displayed in Fig. 13 . The CFC-11 distribution clearly indicates that the source of the ventilation is located in the Weddell Sea, the Ross Sea, and west of the Antarctic Peninsula in Expt. 1. In Expt. 2, the ventilation is located in the Weddell Sea and to some extent west of the Antarctic Peninsula. Therefore, the presence of CFC-11 at the bottom along the WOCE P19 section at 88
• W and that along the Ajax section at the prime meridian are caused by isopycnal transport and mixing from east and west, respectively. Fig. 10 . Vertical distributions of (a) September climatological isopycnals from and , and (b, c, d) simulated isopycnals in September of CFC-11 year 1993 in Expts. 1-3 along the WOCE P19 section. (Weiss et al.,1990; Warner and Weiss, 1992) . The cut-off value of the CFC-11 concentration is 0.01 pmol kg −1 in all panels. Observed CFC-11 from the Ajax section is available from http://www.ipsl.jussieu.fr/OCMIP/. Fig. 12 . Vertical distributions of (a) September climatological isopycnals from and , and (b-d) simulated isopycnals in September of CFC-11 year 1983 in Expts. 1-3 along the Ajax (prime median) section. 
Discussion and Conclusion
The sensitivity of the diapycnal mixing on the oceanic uptake of anthropogenic CFC-11 and the ventilation in the Southern Ocean have been investigated with a near global isopycnic coordinate ocean model. Three simulations have been conducted with diapycnal mixing coefficients of K d = 2 × 10 −7 /N (Expt. 1), K d = 0 (Expt. 2), and K d = 5 × 10 −8 /N (Expt. 3). In Expt. 2, the transport and mixing of all of the model variables occur along the isopycnal layers as the isopycnic interfaces are truly material surfaces for vanishing
The model simulations indicate that the observed vertical distribution of CFC-11 along 88
• W (Fig. 8 ) and along the prime meridian (Fig. 11) are caused by two processes: (1) local ventilation of the mixed layer waters leading to elevated CFC-11 concentrations over the uppermost 1000-2000 m of the water column, and (2) respectively westward (eastward) directed isopycnic transport and mixing from deeply ventilated waters in the Weddell Sea region.
In the model, the deepest ventilation takes place as convective mixing to a depth of more than 2000 m in the Weddell Sea (Fig. 6b) with subsequent transport and mixing along downward-sloping isopycnals (Figs. 10c and 13b) , yielding CFC-11 signals in the bottom waters of the Southern Ocean north to about 55
• S. The simulated and observed CFC-11 distributions show the same large-scale features (see Figs. 8a  and 8c ), although the CFC-enriched bottom water in the observation is possibly a result of a combination of deep convective mixing in the Weddell Sea and geostrophically-driven density currents formed under the Weddell Sea ice cap and subsequent turbulent mixing (e.g., Killworth, 1977) .
The presented model experiments clearly show that the uptake of CFC-11 in the Southern Ocean and the subsequent spreading of the CFC-enriched water masses are sensitive to the applied diapycnal mixing. In fact, at the end of 1997, the simulated net ocean uptake of CFC-11 in Expt. 2 is 25% below that of Expt. 1. Of this reduction, the decreased uptake of CFC-11 in the Southern Ocean accounts for 80% of the total difference. It is further shown that weak and even vanishing diapycnal mixing greatly improves the simulated CFC-11 distribution in the Southern Ocean. Apparently, Expt. 3 with K d = 5 × 10 −8 /N produced a vertical CFC-11 distribution that resembles the observed distribution quite well. The presented sensitivity experiments provide a plausible explanation to the overly diffusive characteristics of the NERSC model presented in the study of Dutay et al. (2002) .
The experiments also highlight the sensitivity of the Southern Ocean mixed layer to the ventilation of the ocean interior. Rather small differences in the maximum mixed layer depth may easily generate huge differences in the time-space properties of the ventilated waters. One of the major challenges in climate modeling is therefore to simulate the ventilation of the Southern Ocean in a realistic manner to avoid, for instance, excessive ocean uptake of heat and CO 2 . This is a tremendous challenge for coupled atmosphere-sea ice-ocean models as proper representation of the mixed layer dynamics in the region depends on the surface buoyancy (i.e., the heat and fresh water) and momentum forcing, the presence and the actual simulated seasonal cycle of sea ice including brine release, and the detachment of icebergs from the massive Antarctic ice shelves and Antarctic melt water in general. A further complication is linked to the dense water carried with bottom gravity currents from the Weddell Sea (Killworth, 1977) . Furthermore, the vertical density stratification in the Southern Ocean is weak, so small changes in the simulated hydrography in the region may easily result in unrealistic ventilation rates.
The presented sensitivity study shows that if CFCs are included in coupled climate models, first order evaluation of decadal-scale ventilation processes can be based on transects like the WOCE P19 transect along 88
• W and the Ajax section along the prime meridian. The inclusion of CFCs in coupled climate models is technically straightforward and computationally cheap, and could therefore be used as an efficient and illuminating test-bed for evaluating the ocean uptake of heat and CO 2 on decadal timescales.
